Abstract: A simple polarization-multiplexed (PM) discrete multitone (DMT) system with intensity modulation and direct detection (IM-DD) is proposed for short-reach optical communications. Only four photodetectors (PDs) are required at the receiver, and no extra 90°hybrid and balanced detection is necessary. Novel digital signal processing (DSP) algorithms are proposed for state-of-polarization (SOP) estimation and subsequent mixed polarization beat interference (MPBI) elimination. These enable polarization demultiplexing and channel estimation to be implemented by a simple 2 Â 2 multiple-input and multiple-output (MIMO) frequency-domain equalizer. The feasibility of the proposed PM-DMT-DD system and the effectiveness of the novel DSP algorithms are investigated via theoretical and simulation studies.
Introduction
The rapid growth of Internet traffic has incessantly driven the bandwidth demand for optical networks. Based on the use of powerful digital signal processing and coherent detection, longhaul optical transmission has experienced rapid capacity improvement in recent years [1] , [2] . However, different from long-haul networks, short-reach applications are much more sensitive to the cost of transceivers. Comparing with coherent detection, the cost-efficient intensity modulation with direct detection (IM-DD) is more attractive for short reach transmission systems [3] . In order to increase single wavelength transmission rate by using low cost optical components with limited bandwidth, a number of advanced modulation formats combined with IM-DD have been investigated to achieve high spectral efficiency, including pulse amplitude modulation (PAM) [4] , [5] , carrier-less amplitude and phase modulation (CAP) [6] , [7] , and discrete multi-tone (DMT) [8] , [9] .
Recently, polarization multiplexing with DD has been studied to further increase data rate. D. Qian et al. first proposed the use of PM with IM-DD in short reach transmission based on single sideband orthogonal frequency division multiplexing (SSB-OFDM) modulation [10] . However, this PM-OFDM-DD system requires a complex transmitter structure involving RF source and narrow-band optical filters. Furthermore, the primary problem associated with the proposed scheme is that the singularity of its 4 Â 4 transfer matrix will lead to a failure of the polarization de-multiplexing scheme when the received state of polarizations (SOP) is at AE=4 and integer multiples of this value to the axis of the receiver polarization beam splitter (PBS). Over the past two years, PM combined with Stokes-based DD reception has been proposed as a new approach to increase the bit rate in a single wavelength channel, including PM with PAM [11] , [12] and signal-carrier PM with OFDM [13] . Here, the singularity problem in the transfer matrix can be avoided. In the proposed schemes [11] , [13] , Stokes Vectors are required to be obtained by using a 90°hybrid with balanced detections. In [12] , Stokes Vectors can be obtained in DSP based on a blind SOP tracking feedback algorithm. However, this scheme is only suitable for binary baseband modulation on two orthogonal polarizations. In addition to above endeavors, the latest work in [14] proposed a quaternary polarization multiplexed system to support four independent non-return-to-zero OOK signals transmission in four different SOPs and realized 108 and 128 Gb/s experimental 2 km SSMF transmission in 1550 nm.
In our previous work in [15] , a polarization-interleave-multiplexed discrete multi-tone (PIM-DMT) system was proposed, in which two lasers with different frequencies are required for two polarizations, and their frequency difference should be larger than signal bandwidth so as to remove the influence of the mixed polarization beat interference (MPBI). In this paper, we improve the work of [15] and propose a novel PM-DMT-DD system, where one laser source is used without the frequency spacing, and a simple receiver structure is employed without 90°h ybrid and balanced detections. Based on the new SOP estimation and MPBI elimination algorithms, the influence of MPBI can be removed in the digital domain in the proposed system. After this, polarizations de-multiplexing and channel estimation can be realized by using the traditional 2 Â 2 MIMO equalizer in the frequency domain. Finally, the feasibility of the proposed PM-DMT-DD system and the effectiveness of the corresponding DSP algorithms are demonstrated through simulation.
Operation Principle
The block diagrams of the transmitter and receiver front-end structure of the proposed PM-DMT-DD system are shown in Fig. 1 . At the transmitter side, two real value DMT signals are modulated onto the intensity of two orthogonal polarizations of one laser, and transmitted after a polarization beam combiner (PBC). After propagation through an optical fiber, the intensity modulated PM-DMT signal is divided into two different SOPs, which are with a fixed =4 polar angle difference, as shown in Fig. 1(b) .
It is well known that the frequency-selective fading will be induced by fiber dispersion in IM-DD systems. In order to avoid this effect, short reach systems commonly use the zerochromatic-dispersion (CD) wavelength in the O-band of SMF around 1310 nm. Besides, because of the short transmission distance (⩽ 80 km), polarization mode dispersion (PMD) is very small. In this case, we only consider a random polarization rotation in following theoretical derivations for simplicity. (However, PMD tolerance will be evaluated through simulation for the proposed system in Section 3, so as to demonstrate the robustness of the PM-DMT-DD system in the presence of PMD.) Then, the received electric fields of the PM-DMT signals in two SOPs, i.e., E h1ð2Þ , E v 1ð2Þ , can be written as
where E x , E y denote the two field components of the horizontal and vertical polarizations in the transmitter, respectively, R 1ð2Þ are channel rotation matrixes
sin 1 e j"=2
sin 2 e j"=2
where 1 and 2 denote the random polar angles for the two received SOPs, respectively, which have a fixed =4 difference, and " is the random azimuth angle. Then four square-law PDs are employed to realize optical-to-electrical (O/E) conversion for E h1 , E v 1 , E h2 , and E v 2 , respectively. After sampling by analog to digital converters (ADCs), the k th received samples can be expressed as 
where Refg denotes the real part of a complex number, ð:Þ Ã denotes the complex conjugate, and w is Gaussian white noise (AWGN). The photodiode responsivity is assumed as 1. Due to intensity modulation, E x ðk ÞE Ã y ðk Þ is a real number. Therefore, (4) and (5) 
From (6) and (7), we can see that the first two terms of them contain the transmitted signals in the X and Y polarization respectively, but the third term is an undesirable product, i.e., MPBI.
Being different from our previous work [15] , there is no frequency difference between E x and E y to remove the mixing product. It is known that due to the mechanical and temperature fluctuation, optical channel usually varies on the time scale of a millisecond in practice [16] . Based on the slow-varying characteristic of optical channel, channel impairments can be assumed as constant within a signal processing frame. Taking the training-symbols-based frame design as traditional OFDM systems [16] , [17] , a simple SOP estimation algorithm is proposed to calculate SOP periodically, and the influence of MPBI can be removed in DSP based on the SOP estimation result.
SOP Estimation
At the beginning of each estimation period, n training data are loaded on both orthogonal polarizations simultaneously, where jE y ðk Þj 2 ¼ jE x ðk Þj 2 ; k 2 ½1; n. In DMT, the training data for frame synchronization can be designed and reused for the SOP estimation to avoid extra training overhead. Here, the k th received samples of r h1ð2Þ and r v 1ð2Þ can be expressed as r h1ð2Þ ðk Þ ¼ E x ðk Þ j j 2 À2cos 1ð2Þ sin 1ð2Þ cos" E x ðk Þ j j 2 þw h1ð2Þ ðk Þ (8)
Then, the polarization-related impairments can be estimated from (8) and (9) by using these n training samples, as 
where P ð:Þ denotes the sum operation, that is used to suppress AWGN effect, n is the number of training samples. Next, the azimuth angle "-induced product can be removed by
According to (11) , without a convergence process as in [12] , the SOP can be easily estimated in a feed-forward manner as
where arctanð:Þ denotes the inverse tangent operation. Then, 2 can be obtained by 1 þ =4 based on their fixed polar-angle difference relationship.
To validate the correctness of the SOP estimation algorithm, the results obtained by theoretical calculation and simulation conducted on the PM-DMT-DD system by using 128 training samples in the back-to-back (BTB) scenario (the detailed system description can be found in Section 3) are depicted together in Fig. 2(a) . It can be seen that the simulation results agree well with the theoretical results as expected. However, due to the results of arctanð:Þ are limited in the range of ½À=2; =2, 1 will be kept within ½À=4; =4. Here, the inherent angle ambiguity may cause AE=2-based estimation error (see Fig. 2(b) ), and the final estimation results can be represented as where Áe is called the effective SOP estimation error, and l Á =2 denotes the =2-based angle ambiguity, which will be proved to have no effects on the proposed system in the next sub-section.
MPBI Elimination
After the SOP estimation, the MPBI-induced products, i.e., the 3rd term of Eq. (6) and (7), will be removed by using 1 
Assuming that Áe ¼ 0 in (13) and substituting 1ð2Þ ¼ 1ð2Þ AE l Á =2 into (14), we can obtain
From (15), it can be found that the AE=2-based estimation ambiguity has no effect on MPBI elimination. Next, we substitute (6) and (7) into (15), r 0 h and r 0 v can be further given by
where R 0 is the new polarization rotation matrix for scheme 1 
and w 
Note that 2 has been replaced by 1 þ =4 and simplified in (17) and (18), and the influence of " has been cancelled with MBPI during the subtraction process of (15) . 
Similarly
where R 00 is the polarization rotation matrix for r 
and
From (18) and (22), it can be seen that the noise will be changed with the received SOP. It is necessary to take the noise effects into account to analyze the process of polarization demultiplexing and decide a suitable scheme choice from above two MBPI elimination schemes.
Polarization De-Multiplexing
As one of OFDM systems, the proposed PM-DMT-DD system can use the traditional 2 Â 2 MIMO frequency-domain equalizer to de-multiplex polarization after MBPI elimination. For simplicity, we assume the output signal of the Fast Fourier Transform (FFT) operation in a more concise form as
where the subscript i denotes the index of subcarrier, H i is the channel matrix, X i and Y i represent the transmitted data in the ith subcarrier for X-pol and Y-pol respectively, N HðV Þ denotes the random noise. Note that the index of DMT symbol sequence is ignored here for explanatory simplicity. Then, the channel matrix H i can be easily estimated based on the time-interleaved training symbols (the detailed description can be found in [15] ). Once the channel transfer matrix H i are known and combined with the received signal R H and R V , the estimated transmitted symbolsX i andŶ i will be readily computed as follows:
where ð:Þ À1 denotes the inverse of the matrix, and
Now, consider analytically the effects of N 0 H;i and N 0 V ;i when using above two MBPI elimination schemes. Here, we omit the dispersion-related influences. In this case, the H k can be replaced by R 0 and R 00 . Taking scheme 1 as an example
and N H;i and N V ;i can be obtained as
where W H1;V 1;H2;V 2 is w h1;v 1;h1;v 2 after the FFT operation, which still maintain AWGN characteristics. Next, substituting (26) and (27) into (25), we can quantitatively analyze the variation of noise power with 1 for the scheme 1. Fig. 3 shows the average noise power as a function of the received SOP1. Here, in order to focus on the change, the average noise power is normalized with respect to its value at SOP1 ¼ 0 and measured in decibels. Similarly, the noise power change versus SOP1 by using scheme 2 can also be analyzed, and the theoretical calculation results are depicted in Fig. 3 with red circular marks. It can be seen that there is no one-size-fits-all approach. Due to the matrix singularity problem of R 0 and R 00 , noise is amplified periodically, and the maximum impairment will occur at SOP1 ¼ À=8 AE l Á =2 ðl ¼ 0; 1; 2 . . .Þ for scheme 1, and at SOP1 ¼ =8 AE l Á =2 for scheme 2, respectively. However, the two schemes are exactly complementary. In order to avoid signal-noise ratio (SNR) deterioration, the two MBPI elimination schemes can be selected based on the estimation result of SOP1 À 1 , i.e. if 1 2 ð0; =4, scheme 1 will be chosen; else, if 1 2 ½À=4; 0, scheme 2 will be chosen. Here, the =2-based angle ambiguity problem of 1 has also no effect on the scheme decision, because the noise power change also follows with the same =2-based period. From Fig. 3 , it still can be found that the best SNR can be obtained at SOP1 ¼ =8 AE l Á =4 instead of SOP1 ¼ 0. So, the average SNR will be slightly better than that of SOP1 ¼ 0 in theory.
Simulation and Discussion

Simulation Model
The simulation model for the proposed PM-DMT-DD system is built by VPI transmission Maker 8.7 and MATLAB software, as shown in Fig. 4(a) . At the transmitter, DSP modules are performed to generate the DMT baseband signals. The different signal processing steps for one polarization are shown in Fig. 4(b) . The pseudo-random bit sequence (PRBS) with a length of 2 17 À 1 as the transmitted data stream is mapped into 16 QAM. Then, the time domain DMT symbol is generated by an IFFT of size 128. To satisfy the Hermitian symmetry property of DMT, there are 56 subcarriers in positive frequency loaded with the encoded data, 56 symmetric subcarriers in negative frequency loaded with their conjugate data, and the rest of null subcarriers retained for dc-bias and oversampling. To counter fiber dispersion-induced inter-symbol interference (ISI), cyclic prefix (CP) is added to each of DMT symbol. Here, CP is set to be 10 to guarantee a sufficient margin for ISI effects in all the simulations, which can be further optimized in practice. Subsequently, 41 training symbols are inserted at the beginning of each DMT frame, as illustrated in Fig. 4(d) , which consist of one training symbol for symbol synchronization and SOP estimation, and 40 time-interleaved training symbols for channel estimation (including 20 null symbols that are located in odd/even time slots in X/Y-pol respectively). Here, the time of one DMT frame is set to be 4.3 s (corresponding to 2000 DMT symbols in our system), which is fast enough to track the change of optical channel, since the optical channel usually varies on the time scale of a millisecond due to the mechanical and temperature fluctuation [16] . And then, the digital DMT signals are uploaded into DAC operated at 64 GSam/s with 8 bits resolution, and filtered by fourth-order Bessel low pass filter (LPF) so as to simulate the bandwidth limitation of transmitter. After filtering, the signals are modulated onto the intensity of two orthogonal polarizations from an optical laser at 1310 nm to avoid the CD-induced frequency selective fading. After a PBC, the PM-DMT-DD signal is obtained with $ 204 Gb/s ð¼ 64 GSam/s Ã 8 Ã 56=138 Ã ð2000 À 41Þ=2000Þ data rate without considering the FEC overhead.
The transmission link compose of standard single mode fiber (SSMF), a PMD emulator (PMD-E) that is used to impose arbitrary different group delay (DGD) to signal, a polarization rotator (PR) that is used to change received SOP, and a variable optical attenuator (VOA) that is used to adjust the received optical power. Noted that the devices in the dotted box can be switched independently, and PMD-E and PR are mainly used in the BTB cases. At the receiver, the PM-DMT signal is detected in two SOPs with =4 polar-angle difference by utilizing four photodiodes (PDs), as depicted in Fig. 4(a) . Next, the electrical signals were digitized by ADCs at 64 GSam/s with 8-bit of resolution and stored for DSP using MATLAB, as shown in Fig. 4(c) . Table 1 summarizes the general settings of the simulation parameters.
Simulation Results and Analysis
First of all, the accuracy of SOP estimation as a function of the number of training samples is investigated in BTB transmissions with different receiver optical powers. Because the AE=2-based inherent error has no effect on the result, we only focus on the effective SOP estimation error-Áe (see (13) ). Here, the polarization rotation angle 1 and the azimuth angle " are changed randomly for each simulation, and more than 400 sets of date are run for each measurement point. As shown in Fig. 5 , the estimation accuracy can be improved with the increasing number of training samples. Based on the proposed SOP estimation algorithm, jÁej can be readily kept within 1 degree. For 128 training samples, there is only about 0.1 SOP estimation error. The effect of residual estimation error can be ignored. In order to avoid the singularity problem of the transfer matrix, two MBPI elimination schemes have to be selected after SOP estimation. This theoretical result is further validated by the simulation. Fig. 6 shows the BERs obtained by three approaches at different received SOPs. It can be seen that the BER performances get worse obviously while SOP1 is located at ½À=4; 0 AE l Á =2 by using scheme 1, but the use of scheme 2 causes the BER deterioration while SOP1 at ½0; =4 AE l Á =2, and the worst-case results occur at SOP1 ¼ À=8 AE l Á =2 and SOP1 ¼ =8 AE l Á =2 for the two schemes respectively as expected. Moreover, better BER results are obtained for SOP1 ¼ =8 AE l Á =4 instead of SOP1 ¼ AEl Á =4, which are in agreement with the theoretical noise power change as shown in Fig. 3 . According to the 1 -based scheme selection rule (namely, if 1 2 ð0; =4, scheme 1 will be chosen; else, if 1 2 ½À=4; 0, scheme 2 will be chosen), the final BERs are measured and plotted with black solid line in Fig. 6 . These results demonstrate the feasibility of this selection approach. Fig. 7 depicts the BER as a function of the received optical power for SOP1 at 0 and =8 in BTB transmissions. Here, the BER measured by two single polarization (SP) DMT-DD in different wavelength channels with total 204 Gb/s data rate is also shown as a reference. For a fair comparison, the same simulation parameters listed in Table 1 are also used for the two SP-DMT-DD systems. It can be seen that at the same bit rate, the difference in received optical power between 2×SP-DMT-DD and PM-DMT-DD at SOP1 ¼ 0 is about 3 dB. Since during SOP1 ¼ 0, r v 1 and r v 2 will be remained after MBPI elimination (see Fig. 1(b) ), and the received optical power is halved to input to these two PDs, 3-dB higher received power is required for PM-DMT-DD system to obtain a same SNR in comparison to 2×SP-DMT-DD under the thermal noise-dominated scenario. It can also be seen from Fig. 7 that the received power requirement can be slightly reduced (∼0.5 dB) for SOP1 ¼ =8 resulting from the decreasing noise contribution after polarization de-multiplexing.
In the presence of random fiber birefringence, the SOP is only rotated and both polarization modes remain orthogonal to each other. However, due to PMD, the coupling between the polarization modes will generally result in a transmission impairment for the polarization multiplexed signal. Over short transmission distance at 1310 nm wavelength region, PMD is small but still exists. Therefore, the PMD tolerance is here studied for our proposed PM-DMT-DD system. A PMD emulator is added before the receiver to impose arbitrary DGD to signal. Fig. 8 depicts BER as a function of the DGD with the different received optical power by using the proposed PM-DMT-DD system. Here, the maximum 10 ps DGD is considered, since modern optical fiber can have a low PMD parameter in the order of 0.05 ps= p km [18] . A 10 ps DGD can correspond to a SSMF transmission distance over hundreds of kilometers by considering the instant maximum DGD 3.7 times larger than the mean DGD (i.e., PMD), which far exceeds the requirement of PMD tolerance for the short-reach applications. From Fig. 8 , it can be seen that only a small BER reduction caused by the increase of DGD. Up to 10 ps of DGD, the received optical power penalty can be less than 0.5 dB. These results demonstrate the feasibility of our proposed algorithms and the robustness of the PM-DMT-DD system in the presence of PMD. Fig. 9 depicts BER performance as a function of received power after 10 km SSMF transmission. Here, the PMD parameter of fiber is set to be 0.1 ps= p km. The results using our previous proposed PIM-DMT-DD system [15] and two SP-DMT-DD systems with total 204 Gb/s bit rate are also displayed in Fig. 9 for comparison, where the same simulation parameters as shown in Table 1 are also adopted for these two systems. Besides, in the term of the PIM-DMT-DD system, a frequency spacing of 96 GHz between two polarizations is used in order to avoid the beating interference. First, comparing the two dual-polarizations systems, the better performance can be achieved by using the PM-DMT-DD system. These two dual-polarizations systems have the same receiver structure, and can achieve same performance at SOP1 ¼ 0 in theory. However, SOP1 ¼ 0 is the worst case for PM-DMT-DD system (see Fig. 6 ) but the best case for PIM-DMT-DD system [15, Fig. 8(b) ], which results in the difference in average performance between them. Next, it can be seen that the difference in received optical power requirement between 204 Gb/s DMT-DD with polarization multiplexing and multi-channels is about 3 dB for a 3:8 Â 10 À3 BER, which generally stems from four PDs employed in the proposed PM-DMT-DD system contribute 3-dB higher amount of thermal noise in comparison to two PDs used for two single polarization DMT-DD systems. However, in comparison to other existing PM-DD schemes, such as [11] , [13] , the proposed PM-DMT-DD system has a much simpler receiver structure. On the other hand, if we choose to use higher order modulation instead polarization multiplexing to upgrade the transmission rate up to 200 Gb/s, 256-QAM has to be used (it can be seen as a average modulation level that should to be achieved after using bit-loading in DMT), which requires a ∼8.5 dB higher E b =N 0 (the energy per information bit-to-noise spectral density ratio) than 16 QAM at a BER of 3.8e-3 in theory [19] without considering other implementation limitations, such as the effective number of bits (ENOB) of ADC/DAC. As a result, the proposed PM-DMT-DD system should be a low-cost solution for increasing the transmission capacity for every single LAN-WDM channel.
Conclusion
In this paper, a novel PM-DMT system with IM-DD is proposed, which can double the maximum achievable bit rate for a single wavelength channel with a simple transmitter and receiver structure. Moreover, the corresponding DSP algorithms, i.e., SOP estimation and MPBI elimination, have also been proposed to achieve optimized system performance in the presence of random polarization crosstalk. Simulation results show that based on a small number of training symbols, high accuracy SOP estimation can be guaranteed without a convergence process, and after MPBI elimination, the traditional 2 Â 2 MIMO equalizer is able to realize polarization de-multiplexing and achieve high PMD tolerance. The new PM-DMT-DD transceiver may be a promising cost-efficient solution for future short reach optical transmission system to upgrade to 200 Gbit/s and beyond in a single wavelength channel. Fig. 9 . BER as a function of received optical power after 10 km SSMF transmission.
